Introduction
Systemic lupus erythematosus (SLE) is a disease of broad autoimmunity, with breaches of tolerance in both T cells and B cells. Pathologic T cell-B cell interactions, B cell activation, and production of autoantibodies are hallmark features of SLE. Levels of anti-double stranded DNA (anti-dsDNA) autoantibodies rise with increased disease activity in SLE, such that this metric is often followed clinically in SLE patients (1). The frequency of circulating plasmablasts, which may serve as the source of rising antibody levels, also increase with disease activity (2, 3) . In addition, a population of age-associated B cells (ABCs), which may Systemic lupus erythematosus (SLE) is an autoimmune disease characterized by pathologic T cell-B cell interactions and autoantibody production. Defining the T cell populations that drive B cell responses in SLE may enable design of therapies that specifically target pathologic cell subsets. Here, we evaluated the phenotypes of CD4 + T cells in the circulation of 52 SLE patients drawn from multiple cohorts and identified a highly expanded PD-1 hi CXCR5 -CD4 + T cell population. Cytometric, transcriptomic, and functional assays demonstrated that PD-1 hi CXCR5 -CD4 + T cells from SLE patients are T peripheral helper (Tph) cells, a CXCR5 -T cell population that stimulates B cell responses via IL-21. The frequency of Tph cells, but not T follicular helper (Tfh) cells, correlated with both clinical disease activity and the frequency of CD11c + B cells in SLE patients. PD-1 hi CD4 + T cells were found within lupus nephritis kidneys and correlated with B cell numbers in the kidney. Both IL-21 neutralization and CRISPR-mediated deletion of MAF abrogated the ability of Tph cells to induce memory B cell differentiation into plasmablasts in vitro. These findings identify Tph cells as a highly expanded T cell population in SLE and suggest a key role for Tph cells in stimulating pathologic B cell responses.
differentiate into plasmablasts, is also highly expanded in SLE patients with active disease (4, 5) . Expansion of these activated B cell populations in SLE generally requires help from T cells, suggesting that SLE disease activity involves ongoing T cell-B cell interactions (6, 7) .
T follicular helper (Tfh) cells are often considered the primary T cell population capable of promoting the pathologic B cell response in SLE (8) (9) (10) . Tfh cells are critical for stimulating B cell responses within follicles of secondary lymphoid organs in both infection and autoimmunity (11) . Often identified as CXCR5 + PD-1 + CD4 + T cells, Tfh cells are recruited into lymphoid follicles by CXCL13, the ligand for CXCR5, and promote B cell maturation in germinal centers through production of IL-21, CXCL13, IL-4, and CD40L (11) . Tfh cells have been observed to be expanded in cohorts of SLE patients (9, 10, 12, 13) , and defective regulation of Tfh cells contributes to a lupus-like disease in multiple murine models (14) (15) (16) (17) .
There is increasing evidence that autoreactive T cell-B cell interactions in SLE also occur outside of germinal centers of secondary lymphoid organs. Murine SLE models have highlighted the role of extrafollicular CXCR4 + CCR7 + CD4 + T cells, which induce plasmablast development in splenic extrafollicular foci (18) . T cell-B cell interactions occur within the interstitium of kidneys of lupus nephritis patients, and these interactions may drive B cell differentiation into plasma cells within the kidney (19, 20) . In other autoimmune diseases, T cell-B cell interactions within peripheral inflamed sites can involve T cells with phenotypes distinct from germinal center Tfh cells, including the PD-1 hi CXCR5 -T peripheral helper (Tph) cell population in rheumatoid arthritis (RA) (21) . Tph cells in RA synovium share several features with Tfh cells, including high expression of PD-1, ICOS, HLA-DR, and TIGIT; production of both CXCL13 and IL-21; and ability to drive B cell differentiation into plasma cells in vitro (22) . However, Tph cells from RA synovium differ from Tfh cells in expression of migratory receptors and key transcriptional regulators. Specifically, Tph cells lack CXCR5, a defining marker for Tfh cells, and instead express chemokine receptors such as CCR2 and CCR5 that promote migration to sites of peripheral inflammation (22) .
Here, we evaluated the T cell populations altered in the circulation of patients with SLE by high-dimensional mass cytometry. We identified a highly expanded population of PD-1 hi CXCR5 -T cells in SLE patients, including in new-onset SLE patients studied prior to initiation of strong immunosuppressive therapies. By phenotype, transcriptome, and function, these cells are Tph cells, which help B cells yet express migratory receptors that target peripheral tissues. Tph cell frequency correlated with features of active clinical disease and showed a specific correlation with CD11c + ABCs in SLE patients. These studies reveal Tph cells as a highly expanded T cell population with pathologic potential in SLE.
Results
Expanded Tph cells in lupus nephritis patients. We analyzed mass cytometry data on PBMCs from 27 lupus nephritis patients, 25 RA patients, and 25 noninflammatory controls that were generated by the Accelerating Medicines Partnership (AMP) RA/SLE Network, a multicenter study performing single cell analyses on blood and tissue samples from SLE and RA patients ( Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.130062DS1) (23) (24) (25) . We focused the analysis on data that were generated with a panel designed to assess T cell phenotypes (Supplemental Table 2 ). In this dataset, the frequencies of CD4 + T cells and CD8 + T cells within PBMCs were comparable across diseases, and the frequency of memory (CD45RO + ) cells within the CD4 + T cell subset was also similar (Supplemental Figure 1 , A-C).
We used FlowSOM to evaluate memory CD4 + T cells in a multidimensional manner in order to identify subpopulations that are altered in SLE patients (26) . FlowSOM was used to assign memory CD4 + T cells into 100 clusters, which were then aggregated into 15 metaclusters ( Figure 1A) . We compared the abundances of the metaclusters in SLE patient and control samples and identified 3 metaclusters with significantly increased abundance in SLE patients (metaclusters 2, 4, 7, Bonferroni adjusted P < 0.05) (Table 1 and Figure 1B ). Of these, metacluster 4 also had a > 2-fold increase in abundance in SLE patients; therefore, we focused on this metacluster. Metacluster 4 contained cells with high expression of PD-1, as well as expression of ICOS and CXCR3 (Figure 1, C and D). Metacluster 4 was composed of 2 clusters, which mapped to distinct locations in the self-organizing map, suggesting heterogeneity of cells within the metacluster 4. A comparison of the 2 clusters that comprise metacluster 4 (cluster A and cluster B) demonstrated that these 2 clusters showed consistent expression of most markers, including expression of PD-1, ICOS, and CXCR3 (Supplemental Figure 2A ). However, the 2 clusters differed in expression of HLA-DR, which was expressed in cluster A but not in cluster B (Supplemental Figure 2 , A and B). Cluster B, which lacked HLA-DR, showed a larger expansion in SLE patients than did cluster A (Supplemental Figure 2C ).
Expression of CXCR5 was detected within clusters separate from metacluster 4 ( Figure 1D ). These results indicate that a population of PD-1 hi CXCR5 -T cells, with expression of ICOS and CXCR3 and variable expression of HLA-DR, is significantly expanded in the circulation of SLE patients.
We confirmed the increased frequency of PD-1 hi CXCR5 -T cells in SLE patients through biaxial gating. The median MFI of PD-1 in metacluster 4 across all patients was 36; therefore, we focused our gating criteria on cells with high expression of PD-1 (MFI > 20, referred to as PD-1 hi ) to capture this population ( Figure 2A and full gating shown in Supplemental Figure 1A ). Using this gate, PD-1 hi CXCR5cells were highly expanded in SLE patients compared with noninflammatory controls (4.3-fold, P < 0.0001), and this expansion exceeded that observed in RA patients ( Figure 2B ). The frequency of PD-1 hi CXCR5cells in SLE patients was positively correlated with the frequency of cells in metacluster 4 (r = 0.6, P = 0.0012), suggesting that these 2 analyses capture a similar cell population. Quantification of CXCR5cells with even higher PD-1 expression, requiring an MFI of 36 (PD-1 very high cells), yielded similar results of a marked expansion in SLE patients compared with controls (P < 0.0001, 5.7-fold; Figure 2B ). CXCR5cells with intermediate PD-1 expression were also increased, but with a smaller relative expansion compared with controls (P < 0.0001, 1.7-fold) ( Figure 2B ). PD-1 hi CXCR5 -T cell populations that coexpress ICOS were also highly expanded in SLE patients (3.2-fold, P < 0.0001) ( Figure 2C ). By biaxial gating, both HLA-DR -PD-1 hi CXCR5and HLA-DR + PD-1 hi CXCR5cells were increased in SLE patients ( Figure 2D , gated as shown in Supplemental Figure 2D ).
This PD-1 hi CXCR5population with coexpression of ICOS and variable HLA-DR strongly resembles the Tph cell population, a PD-1 hi CXCR5 -B cell-helper T cell population abundant in RA synovium (22) . To evaluate whether PD-1 hi CXCR5 -T cells in SLE patients have B cell-helper function consistent with a Tph cell identity, we performed in vitro T cell-B cell coculture assays. PD-1 hi CXCR5 -T cells sorted from PBMCs of SLE patients robustly induced differentiation of allogeneic memory B cells into CD38 hi CD27 + plasmablasts, with activity comparable with that of PD-1 hi CXCR5 + Tfh cells ( Figure 2E ). In contrast, PD-1memory CD4 + T cells did not effectively induce plasmablasts. Together, these results identify a highly expanded PD-1 hi CXCR5 -T cell population in SLE patients that shows B cell helper activity; we refer to this population subsequently as Tph cells.
The absence of CXCR5 on Tph cells distinguishes these cells from Tfh cells, for which CXCR5 expression is considered a defining feature and an essential mediator of lymphoid follicle homing (11) . Here, we define Tfh cells in the blood as PD-1 hi CXCR5 + CD4 + T cells; this population can be considered a circulating Tfh cell population with features that are similar but not identical to Tfh cells in lymphoid follicles (9, 27) . Tfh cells were also significantly increased in the blood of SLE patients, but not RA patients, compared with controls (1.7-fold, P = 0.0013) ( Figure 2B ). Similar results were found when Tfh cells with high and very high PD-1 expression were analyzed. There was a positive correlation between Tph cell and Tfh cell frequencies in the total cohort overall -and specifically in SLE patients ( Figure 2F ). Notably, Tph cells substantially outnumbered Tfh cells in the circulation of SLE patients (median Tph 3.5% vs. Tfh 0.9% of memory CD4 + T cells), and the relative increase of Tph cells in SLE patients compared with controls (4.4-fold) exceeded that of Tfh cells (1.9-fold) ( Figure 2B ). Clinical features of expanded Tph cells in SLE. We next evaluated the relationship between Tph cell frequency and disease activity in the AMP cohort, in which all SLE patients had biopsy-demonstrated lupus nephritis. Among the patients who had a SELENA-SLEDAI score recorded upon enrollment (n = 21), Tph cell frequency was positively correlated with SELENA-SLEDAI score, while Tfh cell frequency did not show a positive correlation ( Figure 3A ). The frequency of Tph cells with very high PD-1 expression (MFI > 36) was also positively correlated with SLEDAI (r = 0.49, P = 0.018; Supplemental Figure 3 ), while PD-1 intermediate CXCR5cells did not show a significant correlation with SLEDAI (r = 0.38, P = 0.094). CXCR5 + cells showed no correlation with SLEDAI, regardless of the PD-1 expression threshold ( Figure 3A and Supplemental Figure 3 ).
Anti-dsDNA titers were available from a subset of the SLE patients in this cohort (n = 18). Antibody titers were measured at different institutions with varying assays, which limited the ability to assess linear correlations. When SLE patients were dichotomized based on anti-dsDNA antibody positivity, patients with a positive anti-dsDNA antibody test showed a 2.8-fold increase in the frequency of Tph cells compared with patients with a negative anti-dsDNA antibody test. Tfh cell frequency was also higher in patients with a positive anti-dsDNA antibody test ( Figure 3B ). Tph cell frequency was not significantly associated with histologic class of glomerulonephritis, patient race, or patient ethnicity, and it showed a negative association with . These results indicate that Tph cell frequency is associated with high disease activity in lupus nephritis and shows a stronger association with clinical disease activity than does Tfh cell frequency.
To assess SLE patients with a wider range of clinical features, we analyzed an independent cohort of 15 SLE patients with established disease of varying manifestations (8 of 15 without a history of nephritis), as well as 10 patients with a new diagnosis of SLE prior to initiation of immunosuppressive therapy (Supplemental Table 3 and Supplemental Table 4 ). Mass cytometric analysis of these validation cohorts revealed increased frequencies of Tph cells both in patients with established disease (2.9-fold, P = 0.0017) and in patients with new-onset SLE (2.4-fold, P = 0.022) compared with noninflammatory controls ( Figure 3D ). These results, generated in an independent cohort of lupus patients analyzed by a separate cytometry analysis, confirm that Tph cells are highly expanded in SLE patients, including patients without nephritis. Further, expansion of Tph cells occurs early in the disease course and is not secondary to immunosuppressive therapy.
Potential Tph cells in lupus nephritis kidneys. To interrogate the potential presence of Tph cells in the kidneys of patients with lupus nephritis, we analyzed flow cytometry data generated on dissociated kidney biopsy tissue from patients within the AMP Network (23) . Viably cryopreserved kidney biopsies were dissociated into single cells and stained with a flow cytometry panel that included CD45, CD3, CD4, and PD-1, allowing for identification of PD-1 hi CD4 + T cells, as well as CD19, to identify B cells. B cells were detected in lupus nephritis biopsies but not control kidney tissue in this cohort (23) . Data were filtered to assess only kidney biopsies with > 100 leukocytes captured. Using these data, PD-1 hi CD4 + T cells comprised > 5% of the total CD45 + leukocytes in 8 of 13 lupus nephritis biopsies ( Figure 4 , A and B). We identified a positive correlation between the frequency of PD-1 hi CD4 + T cells and the frequency of B cells in the biopsy ( Figure 4B ). In contrast, there was no correlation between the frequency of B cells and CD4 + T cells with either negative or intermediate PD-1 expression, and there was no correlation between the frequency of B cells and PD-1 hi CD8 + T cells. Because the flow cytometry data did not include chemokine receptors such as CXCR5, we cannot differentiate Tph cells from Tfh cells in these kidney samples. The specific association between PD-1 hi CD4 + T cells and B cells is consistent with a B cell-helper function of these PD-1 hi CD4 + T cells in lupus nephritis kidneys.
Features of Tph cells in SLE. We next used the mass cytometry data to compare the phenotypes of Tph cells in blood from SLE, RA, and control donors within the AMP cohort. Tph cells from SLE patients appeared cytometrically similar to those from RA patients and controls, with features consistent with the prior description of Tph cells, including high expression of ICOS, HLA-DR, and T-bet and low expression of CD25 and CD127 ( Figure 5A ) (22) . A broad analysis of all included cytometry markers identified 3 markers with significantly different expression on Tph cells from SLE patients compared with controls (PD-1, CCR2, and CXCR3; Bonferroni adjusted P < 0.05) (Supplemental Table 5 ). PD-1 expression was modestly increased in Tph cells from SLE patients compared with Tph cells from controls (1.18-fold, adjusted P = 0.039). Interestingly, the mean expression of chemokine receptor CXCR3 was lower on Tph cells from SLE patients compared with Tph cells from controls (-2.1-fold, P = 0.00048) ( Figure 5B and Supplemental Table 5 ). This pattern was not specific to Tph cells, as CXCR3 expression was also significantly reduced in Tfh cells and PD-1memory T cells from SLE patients (PD-1 -: -2.6-fold, P < 0.0001; Tfh: -2.0-fold, adjusted P = 0.0004). The frequency of CXCR3 + cells as assessed by biaxial gating was less affected, suggesting that T cells from SLE patients may downregulate CXCR3 expression without entirely losing CXCR3 expression ( Figure 5B ). This pattern was also seen in the validation cohort, with SLE patients having a lower mean expression of CXCR3 compared with controls across Tph cells, Tfh cells, and PD-1memory T cells (Supplemental Figure 5A ). Both Tph cells and PD-1cells from SLE patients also showed lower CCR2 expression compared with cells from controls, while mean CXCR5 expression was reduced in Tfh cells (gated to be PD-1 hi CXCR5 + ) from SLE patients (Supplemental Figure 5 , B and C). Lower mean expression of these chemokine receptors was also observed in the validation cohort (Supplemental Figure 5 , D and E), suggesting that these changes are likely to reflect cell activation states characteristic of SLE rather than technical effects. To characterize differences between Tph cells and Tfh cells from SLE patients, we compared the expression of each of the markers in the mass cytometry panel between these 2 populations. We identified 6 proteins, not including CXCR5, with significantly different expression on Tph cells and Tfh cells from SLE patients in the AMP cohort ( Figure 5C ). There was higher expression of T-bet, CCR2, CD57, and granzyme B and lower expression of CCR7 and CD27 on Tph cells compared with Tfh cells from SLE patients ( Figure 5C and Supplemental Table 6 , Bonferroni adjusted P < 0.05). These observations, in total, indicate that PD-1 hi CXCR5 -Tph cells from SLE patients are similar to those seen in RA patients and suggest that they represent the same T cell population.
Unique RNA-sequencing (RNA-seq) features of Tph cells in SLE patients. To further examine potential functional characteristics of Tph cells from SLE patients, we generated transcriptomes of Tph cells, Tfh cells, naive T cells, and Tregs sorted from PBMCs of SLE patients (n = 6), RA patients (n = 5), and noninflammatory controls (n = 5) by low-input RNA-seq (sorted as in Supplemental Figure 6A ). We first evaluated the expression of a curated set of genes associated with Tfh cells and observed high expression of several Tfh-associated genes in both Tph cells and Tfh cells, including IL21, CXCL13, ICOS, MAF, BATF, and TOX ( Figure 6A ) (22, 28) . In contrast, as expected, CXCR5 transcript was increased in Tfh cells but not Tph cells. These results confirm that PD-1 hi CXCR5 -Tph cells in SLE patients express a set of effector molecules and regulators associated with B cell-helper function.
A comparison of the global transcriptomes of Tph cells and Tfh cells from SLE patients identified 229 genes with differential expression (P < 0.05, fold change > 2). Pathway analysis indicated pathways involving IL-2 (P = 3.6 × 10 -10 ), T-bet (P = 1.9 × 10 -8 ), CD28 (P = 3.4 × 10 -7 ), and IL-21 (P = 1.1 × 10 -6 ) as the top candidate upstream regulators with higher activity in Tph cells compared with Tfh cells. Notably, included in this gene list were several chemokine receptors with increased expression in Tph cells, including CX3CR1 Figure 6B and Supplemental Table 7 ) (21) . CX3CR1 is of particular interest in SLE, as this receptor is commonly expressed on immune cells that infiltrate lupus nephritis kidneys (23) . Using flow cytometry, we confirmed that a substantial portion of Tph cells, but not Tfh cells, expressed CX3CR1 ( Figure 6 , C and D).
We next explored differences in the transcriptomes of Tph cells from SLE patients compared with Tph cells from controls and identified 369 differentially expressed genes (P < 0.05, fold-change > 2) between the disease conditions (Supplemental Table 8 ). These genes were highly enriched in IFN-inducible genes; pathway analysis identified IFN signaling as the most enriched signature (P = 2.5 × 10 -10 ), indicating a strong IFN signature in Tph cells from SLE patients. An IFN signature was similarly observed across other T cell populations from SLE patients (Supplemental Figure 6B) . To further evaluate an IFN signature in Tph cells, we calculated an IFN signature score from the Tph cell transcriptomes and found that the IFN score was positively correlated with the frequency of Tph cells in circulation ( Figure 6E ). This positive correlation was observed across all patients studied and also present even among the SLE patients alone. To reproduce this observation in another cohort, we analyzed the correlation between Tph cell frequency and IFN score in a subset of SLE patients in the AMP cohort for whom IFN scores had been calculated using total PBMC transcriptomes (23) . Here again, a positive correlation was observed between Tph cell frequency and IFN score ( Figure 6F ), suggesting a possible relationship between these 2 features of active SLE.
A focused assessment of the expression of cytokines associated with B cell-helper function detected both CXCL13 and IL21 in Tph cells and Tfh cells but not in Tregs or naive T cells. Expression of the B cell chemoattractant CXCL13 was significantly higher in both Tph cells and Tfh cells from SLE patients compared with cells from control donors ( Figure 6G ). IL21 also showed a trend toward higher expression in Tph cells from SLE patients compared with Tph cells from controls ( Figure 6G ). IFNG was also detected primarily in Tph cells and Tfh cells, while IL10 was detected variably across the T cell subsets (Supplemental Figure 7A ). To confirm expression of IL21 in Tph cells from SLE patients, we analyzed IL21 by quantitative PCR (qPCR) in sorted Tph cells stimulated with PMA plus ionomycin. After stimulation, Tph cells expressed higher levels of IL21 than did PD-1memory CD4 + T cell populations, with comparable expression in Tph cells and Tfh cells ( Figure 6H ). In contrast, IL10 expression did not significantly differ between Tph cells, Tfh cells, and PD-1memory CD4 + T cells. (Supplemental Figure 7B) . These results confirm that circulating Tph cells in SLE patients express IL21, IFNG, and CXCL13 and suggest that Tph cells in the circulation of SLE patients may be particularly active with mRNA expression of effector cytokines detectable directly ex vivo.
Tph cells are associated with plasmablasts and ABCs in lupus patients. We next evaluated the correlation between Tph cells and different B cell populations in SLE patients. CD38 hi CD27 + plasmablasts were increased in a subset of SLE patients in the AMP cohort, consistent with prior observations ( Figure 7A , gated as shown in Supplemental Figure 8A) (29, 30) . Across all patients and controls, the expansion of plasmablasts correlated positively with the frequency of both Tph cells and Tfh cells, although neither T cell population showed a strong correlation with plasmablast frequencies within the SLE cohort alone ( Figure 7B ).
Recently, a population of CD11c + CD21 -CXCR5 -B cells, sometimes referred to as ABCs, has been recognized as highly expanded in patients with active SLE (4). We quantified CD11c + B cells using mass cytometry data generated with the AMP myeloid panel (Supplemental Table 2 ) and found that CD11c + B cells composed, on average, about 15% of the B cells in lupus nephritis patients in the AMP cohort, 2.5fold higher than controls ( Figure 7C , gated as shown in Supplemental Figure 8B) (4) . CD11c + B cells were also increased in RA patients compared with controls, but to a lesser extent. The frequency of Tph cells correlated strongly with the frequency of CD11c + B cells both across the overall cohort and specifically in SLE patients ( Figure 7D ). In contrast, Tfh cells showed a modest correlation with CD11c + B cells overall and no correlation among SLE patients. In support of this observation, we also assessed the frequency of CD21 -CXCR5 -B cells, which could be identified in the AMP B cell panel. The frequency of CD11c + B cells identified using the AMP myeloid mass cytometry panel correlates strongly with the frequency of CD21 -CXCR5 -B cells identified using the AMP B cell panel (Supplemental Figure 8 , C and D), suggesting that these gating strategies identify highly overlapping cell populations, consistent with published reports (4, 31) . Similar to observations with CD11c + B cells, the frequency of CD21 -CXCR5 -B cells correlated positively with Tph cells but not Tfh cells (Supplemental Figure 8 , C-E). These observations suggest a specific relationship between the expansion of Tph cells and CD11c + CD21 -B cells in autoimmunity.
In murine models, generation of CD11c + B cells requires T cell help and is enhanced by IL-21 and IFN-γ (6, 32). Because Tph cells express both IL-21 and IFN-γ, we hypothesized that Tph cells 
may stimulate the generation of CD11c + B cells in vitro. Coculture of allogeneic healthy donor memory B cells with SLE donor T cells induced formation of a CD11c + B cell population distinct from CD38 hi CD27 + plasmablasts. Generation of CD11c + B cells occurred comparably in cocultures of B cells with either Tph cells or Tfh cells (Supplemental Figure 8, F and G).
Tph cells help B cells in an IL-21-and MAF-dependent manner. Our prior work indicated that the ability of Tph cells to induce B cell activation and differentiation into plasmablasts depends on production of IL-21 (22) . Recently, a PD-1 + CXCR5population that coexpresses CXCR3 has been reported to help B activation and antibody secretion in an IL-10-but not IL-21-dependent manner (33) . To determine whether Tph cells from SLE patients require IL-21 to stimulate plasmablasts, we evaluated the effect of neutralization of IL-21 in cocultures of Tph cells from SLE patients with allogeneic memory B cells. Blockade of IL-21 reduced the generation of plasmablasts in these cocultures by about 50%, while neutralization of IL-10 had no effect ( Figure 8A) .
The regulation of IL-21 production differs between human and mouse T cells, and the transcriptional regulation of IL-21 production in human T cells remains incompletely defined (21) . We noted that both circulating Tph cells and Tfh cells expressed high levels of the transcription factor MAF, a factor that has been implicated in IL-21 production from human Tfh cells ( Figure 6A and Figure 8B ) (34) . In contrast, neither BCL6 nor SOX4 were elevated in Tph cells or Tfh cells from the circulation, and PRDM1 expression was higher in Tph cells than in Tfh cells, consistent with a low BCL6/PRDM1 ratio in Tph cells from both tissue and circulation (Supplemental Figure 9) (22) . Given the coincident expression of MAF and IL-21 in both Tph cells and Tfh cells, we sought to directly evaluate the role of MAF in IL-21 production by human CD4 + T cells. We disrupted the gene encoding MAF by nucleofection of a CRISPR/Cas9 ribonucleoprotein complex in primary CD4 + T cells and in sorted Tph cells. We confirmed that the MAF-targeting construct reduced MAF expression by flow cytometry ( Figure  8C ). Deletion of MAF inhibited mRNA expression of both IL21 and IL10 in human CD4 + T cells and reduced secretion of IL-21 into culture media (Figure 8, D and E) . In addition, CRISPR-mediated deletion of MAF in sorted Tph cells reduced the ability of Tph cells to induce B cell differentiation into plasmablasts in cocultures by over 50% (Figure 8F ). Thus, Tph cells require the transcription factor MAF for IL-21-dependent B cell-helper function.
Discussion
Here, we have identified a markedly expanded Tph cell population in patients with SLE. Tph cells were initially described as a PD-1 hi CXCR5 -CD4 + T cell population abundant in the joints and expanded in the circulation of patients with seropositive RA (35) . In this report, using multidimensional analysis of mass cytometry data, we found that PD-1 hi CXCR5 -T cells are highly expanded in the circulation of SLE patients, consistent with prior observations (12) . We further demonstrated that these cells matched the Tph cell phenotype by multiple metrics: (a) high expression of PD-1, ICOS, HLA-DR, and TIGIT without CXCR5; (b) expression of cytokines associated with B cell recruitment and help (IL-21, CXCL13); and (c) ability to promote B cell differentiation into plasmablasts in an IL-21-dependent manner. By these criteria, the PD-1 hi CXCR5 -T cell population in SLE patients can be considered Tph cells. The cytometric and transcriptomic similarities in Tph cells from RA and SLE patients help to define a core set of features that can be used to identify Tph cells across diseases, which includes expression of PD-1, ICOS, MAF, IL-21, and CXCL13 in the absence of CXCR5. Recently, antigen-specific T cells both in gut and blood of patients with celiac disease were found to have a phenotype that matches Tph cells, and cells with this phenotype were also increased in the circulation in small cohorts of SLE and systemic sclerosis patients (36) . Tph cells are also increased in patients with type 1 diabetes -in particular, in patients with multiple autoantibodies (37) . The expansion of Tph cells in multiple autoantibody-associated conditions, but not in seronegative RA or seronegative spondyloarthropathies, supports the idea that Tph cells represent a common driver of pathologic B cell activation in autoantibody-associated autoimmune diseases.
The correlations of Tph cell frequency with clinical and immunologic features of SLE suggest that Tph cells are important mediators of lupus immunopathology. While both Tph cells and Tfh cells were similarly increased in new-onset SLE patients, Tph cells substantially outnumbered Tfh cells in both established SLE and lupus nephritis patients, and only Tph cells showed a strong association with clinical disease activity by SLEDAI in lupus nephritis patients, suggesting that circulating Tph cell frequency may be a more robust marker of the activated T cell response than circulating Tfh cell frequency. However, given the highly heterogeneous nature of disease in SLE and the limitations of quantifying disease activity by SLEDAI, larger cohorts of SLE patients will be required to evaluate clinical correlations more definitively.
There is little doubt that Tfh cells are important in the pathogenesis of SLE, and these cells may be underrepresented in blood, given their localization in lymphoid follicles. However, both human and murine studies indicate that B cell-T cell interactions also occur outside of lymphoid follicles, both in extrafollicular foci of secondary lymphoid organs and within inflamed target tissues in autoimmunity (18-20, 22, 38-40) . Tph cells appear well equipped to mediate these interactions, particularly in chronically inflamed peripheral tissues, where they may function to promote local accumulation of antibody-secreting cells (21) . The ability of Tph cells to stimulate differentiation of memory, rather than naive, B cells in vitro is consistent with the idea that Tph cells may primarily interact with activated or memory B cells, which are more likely than naive B cells to traffic through inflamed tissues (41) . The strong correlation between Tph cells, but not Tfh cells, and CD11c + B cells in circulation further supports that idea that Tph cells may play a unique role in autoimmune pathology. Interestingly, CD11c + B cells express little CXCR5 and also infiltrate target tissues, including lupus nephritis kidneys, raising the possibility that Tph cells and CD11c + B cells may interact within peripheral tissues (4, 23, 31) . This has not yet been experimentally tested.
We hypothesize that Tph cells likely migrate to inflamed tissues via expression of receptors such as CX3CR1, a chemokine receptor enriched on kidney-infiltrating leukocytes in lupus nephritis (23) . By flow cytometry, we identified within lupus nephritis kidney biopsies CD4 + T cells with high PD-1 expression, which correlated with the frequency of infiltrating B cells. Published immunofluorescence microscopy studies further support the possibility of Tph cells in lupus nephritis kidneys, having demonstrated that PD-1 + CD4 + T cells are in close contact with B cells within the interstitium of lupus nephritis kidneys (20) . However, the chemokine receptor expression and essential effector functions of PD-1 hi T cells in the kidney have not yet been demonstrated, and the extent of colocalization with specific B cell subsets, including CD11c + B cells, requires further study.
Through in vitro coculture studies, we observed a critical role for IL-21 in the function of Tph cells from SLE patients. Tph cells sorted from SLE patients express IL-21, as well as CXCL13, and their ability to induce memory B cell differentiation into plasmablasts in vitro depends on IL-21, consistent with described effects of IL-21 on B cell differentiation in vivo (42) . Production of IL-21 distinguishes Tph cells from a PD-1 + CXCR5 -CXCR3 + T cell population recently identified in pediatric SLE patients by Caielli and colleagues, which augments B cell responses via production of IL-10 and succinate (33) . Importantly, we define the Tph cell population by requiring high expression of PD-1, which differs from the broader PD-1 expression used by Caielli and colleagues to identify IL-10/succinate-producing PD-1 + CXCR5 -CXCR3 + cells. Cytometric, transcriptomic, and functional analyses presented here indicate that the PD-1 hi CXCR5 -Tph cell population shows a strong resemblance to Tfh cells, including expression of IL-21 and CXCL13 ex vivo, consistent with prior observations of Tph cells in rheumatoid synovium (22) . Given the key roles of IL-21 in autoreactive B cell activation, autoantibody production, and renal injury in murine models of lupus, we hypothesize that IL-21 production is an important aspect of Tph cell function, although other pathologic roles independent of B cell-helper function are also possible (43, 44) . Subsequent studies will help to define the relationship between PD-1 hi and PD-1 + T cells and the relationship between Tph cells and Tfh cells in SLE patients.
The transcriptional regulation of IL-21 production in human T cells remains incompletely understood. BCL6 loss or overexpression appears to have little effect on T cell production of IL-21 production (45) . Overexpression of MAF, but not BCL6, in human T cells increased IL-21 production (34) . Here, we found that Tph cells express high levels of MAF and that CRISPR-mediated deletion of MAF strongly inhibited IL-21 and IL-10 expression in T cells. Deletion of MAF also blunted the ability of Tph cells to stimulate plasmablast differentiation, indicating MAF as a key regulator of the ability of T cells to induce B cell differentiation.
In summary, we have found a highly expanded PD-1 hi CXCR5 -Tph cell population with IL-21-dependent B cell-helper function in SLE patients. We hypothesize that Tph cells may be important contributors to pathologic T cell-B cell interactions that occur outside of the follicles of secondary lymphoid organs. This work nominates Tph cells as a new therapeutic target in SLE and highlights that these cells should be considered in the development of strategies aimed at interrupting pathologic T cell-B cell interactions.
Methods
Patient cohorts. Mass cytometry data was generated on PBMCs from patients enrolled in Phase I of the AMP RA/SLE Network (23, 24, 25) . Patient characteristics and clinical assessments, including measurement of the modified SELENA-SLEDAI score and anti-dsDNA antibody assessment, were performed at each individual site. In the AMP cohort, all SLE patients met the 1997 ACR classification criteria for lupus and demonstrated class III, class IV, or class V glomerulonephritis on a clinically indicated kidney biopsy. RA patients met the 2010 ACR classification criteria for RA. Noninflammatory controls were screened for the absence of inflammatory diseases. For the validation cohorts, patients with SLE, seropositive RA (rheumatoid factor-positive and/or anti-CCP antibody-positive), and noninflammatory controls were enrolled at Brigham and Women's Hospital with appropriate informed consent under IRB protocols approved by Partners HealthCare IRB. SLE patients met 1997 ACR classification criteria as assessed by the treating physician, who also determined the SLEDAI-2K score. The new-onset SLE cohort included patients with a diagnosis of SLE within the past 6 months prior to enrollment and without treatment with major immunosuppressive therapies. Treatment with hydroxychloroquine and prednisone ≤ 10mg was permitted. The established SLE cohort included patients with a diagnosis of SLE with varied treatments including major immunosuppressive therapies.
PBMC isolation and processing. For the AMP cohort samples, blood was collected into lithium heparin tubes and PBMCs isolated by density centrifugation using SepMate tubes. For the BWH validation cohort, PBMCs were isolated by density centrifugation using Ficoll-Hypaque in 50-mL conical tubes. For both cohorts, PBMCs were washed in PBS and cryopreserved in a 10% DMSO-containing solution for batched analyses.
Generation of mass cytometry data. For mass cytometry analysis of AMP samples, 79 PBMC samples included in the analysis were processed in a total of 5 batches, with the batches run within a span of 14 days. Batches had balanced numbers of samples from controls, RA patients, and SLE patients.
For mass cytometry analysis of validation cohort samples, 39 independent patient samples included in the analysis were processed in 3 batches run within a span of 8 days. Batches had balanced numbers of controls, established SLE, and new-onset SLE patient samples.
Cryopreserved PBMCs were thawed into RPMI Medium 1640 (Invitrogen, catalog 11875-085) supplemented with 5% heat-inactivated FBS (Invitrogen, catalog 16000044), 1 mM GlutaMAX (Invitrogen, catalog 35050079), antibiotic-antimycotic (Invitrogen, catalog 15240062), 2 mM MEM nonessential amino acids (Invitrogen, catalog 11140050), 10 mM HEPES (Invitrogen, catalog 15630080), 2.5 × 10 -5 M 2-mercaptoethanol (MilliporeSigma, catalog M3148), 20 units/mL sodium heparin (MilliporeSigma, catalog H3393), and 25 units/mL benzonase nuclease (MilliporeSigma, catalog E1014). Cells were counted and 0.5 × 10 6 to 1 × 10 6 cells from each sample were transferred to a polypropylene plate for staining.
The samples were spun down and aspirated. A total of 5 μM of cisplatin viability staining reagent (Fluidigm, catalog 201064) was added for 2 minutes and then diluted with culture media. After centrifugation, Human TruStain FcX Fc receptor blocking reagent (BioLegend, catalog 422302) was used at a 1:100 dilution in CSB (PBS with 2.5 g BSA [MilliporeSigma, catalog A3059] and 100 mg of sodium azide [MilliporeSigma, catalog 71289]) for 10 minutes, followed by incubation with conjugated surface antibodies for 30 minutes. All antibodies were obtained from the Harvard Medical Area CyTOF Antibody Resource and Core.
A total of 16% stock paraformaldehyde (Thermo Fisher Scientific, catalog O4042-500) dissolved in PBS was used at a final concentration of 4% formaldehyde for 10 minutes in order to fix the samples before permeabilization with the FoxP3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific, catalog 00-5523-00). The samples were incubated with SCN-EDTA coupled palladium-based barcoding reagents for 15 minutes and then combined into a single sample. Conjugated intracellular antibodies were added into each tube and incubated for 30 minutes. Cells were then fixed with 1.6% formaldehyde for 10 minutes.
DNA was labeled for 20 minutes with an 18.75 μM iridium intercalator solution (Fluidigm, catalog 201192B). Samples were subsequently washed and reconstituted in Milli-Q filtered distilled water in the presence of EQ Four Element Calibration beads (Fluidigm, catalog 201078) at a final concentration of 1 × 10 6 cells/mL. Samples were acquired on a Helios CyTOF Mass Cytometer (Fluidigm). The raw FCS files were normalized to reduce signal deviation between samples over the course of multiday batch acquisitions, utilizing the bead standard normalization method established by Finck et al. (46) . These normalized files were then deconvoluted into individual sample files using a single-cell-based debarcoding algorithm established by Zunder et al. (47) . In the validation cohort, the normalized files were also compensated with a panel-specific spillover matrix to subtract cross-contaminating signals, utilizing the CyTOF-based compensation method established by Chevrier et al. (48) .
In the AMP cohorts, PBMCs were stained with 3 CyTOF panels, all of which contributed data to the analyses presented (Supplemental Table 2 ). In the validation cohort, data from a T cell panel were used (Supplemental Table 4 ).
Mass cytometry data. Mass cytometry data were first gated to exclude debris and identify DNA + events. Nonviable cisplatin + cells and equalization beads were excluded. Frequencies of Tph cells (PD-1 hi CX-CR5 -CD4 + T cells), Tfh cells (PD-1 hi CXCR5 + CD4 + T cells), plasmablasts (CD19 + CD20 -CD38 hi CD27 + ), CD11c + CD19 + B cells, and CD21 lo CD19 + B cells were quantified by manual gating, with uniform gates applied across all samples in each cohort. Two samples from the RA cohort were excluded due to their treatment with rituximab prior to sample collection, which precludes analysis of B cell populations. Gating for cell frequencies and expression intensity quantification were performed using FlowJo 10.4.2. Flow-SOM analyses of the AMP mass cytometry data were performed using the implementation on Cytobank. Control (n = 25), RA (n = 24), and SLE (n = 26) samples were included; 1 RA sample and 1 SLE sample were excluded due to low memory CD4 T cell event counts. Excluding these 2 samples allowed for analysis of 5,296 gated memory CD4 + T cells per patient. Analysis was performed including all staining channels except the markers used to gate memory CD4 + T cells (CD45, CD4, CD8a, CD45RO, and CD45RA), assigning 100 clusters and 15 metaclusters with a random seed of 1559288433. Heatmaps show row-normalized median expression of markers in the metaclusters. Markers used to gate the analyzed input cell population and markers with a median expression of 0 in all clusters were excluded from heatmaps.
RNA-seq analysis. CD3 + T cells from PBMCs from SLE patients (n = 6), RA patients (n = 5), and controls (n = 5) were isolated by positive selection using MACS columns, and CD3 + T cells were stained with a flow cytometry antibodies: CD3-BV510 (OKT3), CD4-PE/Cy7 (RPA-T4), CD45RA-BV605 (HI100), CD127-BV711 (A019D5), CD25-FITC (M-A251), TIGIT-PE (VSTM3), PD-1-APC/Cy7 (EH12.2H7), CXCR5-BV421 (J252D4) plus propidium iodide. Naive T cells, Tregs, Tph cells, and Tfh cells were sorted as indicated (Supplemental Figure 1) . Cell sorting was performed on a Becton Dickinson FACSAria Fusion sorter using a 70 μm nozzle, with sort purity routinely > 98%. One thousand cells of each population were sorted directly into RLT lysis buffer with 1% β-mercaptoethanol (Qiagen). RNA was isolated using RNeasy Micro kits (Qiagen) and eluted in 12 μL of water.
A total of 5 μL of total RNA were transferred into wells of a 96-well plate, and RNA-seq libraries were prepared at Broad Technology Labs at the Broad Institute of Harvard and MIT (Cambridge, Massachusetts, USA) using the Illumina SmartSeq2 platform. Samples were sequenced on a HiSeq500 using 25 bp paired-end reads. Alignment and differential gene expression analysis was performed in Omicsoft Array Studio version 10.0.1.96. Briefly, cleaned reads were aligned to the human B38 genome reference by using the Omicsoft Aligner, with a maximum of 2 allowed mismatches. Gene level counts were determined by the OSA algorithm as implemented in Omicsoft Array Studio and using Ensembl.R86 gene models. Approximately 80%-90% of reads across all samples mapped to the human genome (corresponding to 1.4-16 million reads). Two samples with read counts less than 1 million were excluded. Differential gene expression analysis was performed by the DESeq2 algorithm as implemented in Omicsoft Array Studio, with samples from different groups serving as reference as indicated. A cutoff of 20 normalized counts in all replicate groups was applied when identifying a gene signature to remove genes with low expression. Pathway analyses were performed with Ingenuity Pathway Analysis (IPA; QIAGEN Inc.; www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/).
To calculate IFN scores for Tph cells transcriptomes, the expression of a set of IFN-stimulated genes identified as the union of 3 IFN-inducible gene modules described in Chiche et al. (23, 49) . The IFN score were incubated at 2:1 ratio with recombinant Cas9 (Macrolab) at 37°C for 1 hour. Sorted memory T cell subsets were stimulated overnight for 2 days with CD3/CD28 beads; they were then separated from the beads and washed with PBS. Cells were then electroporated with the single guide RNA-Cas9 complex at pulse EH-115 in a 4-D Nucleofector (Lonza) using P3 Primary cell 4D X Kit S (V4XP-3032, Lonza); they were then washed and resuspended in RPMI/10%FBS. Electroporated T cells were then cocultured on the same day with flow-sorted B cells as described above.
Data availability. Mass cytometry data from the AMP SLE and RA cohorts datasets are available at the ImmPort repository (https://www.immport.org) from accessions SDY997 and SDY998. RNA-seq data from the BWH cohort dataset is available at the ImmPort repository from accession SDY1475. The data that support the findings of this study are available from the corresponding author upon request.
Statistics. Statistical comparisons were performed in Prism as indicated in figure legends. Two-sided tests were used for all comparisons. For analysis of FlowSOM metaclusters in mass cytometry data, 2-sided Student's t tests were calculated comparing metacluster abundances in SLE patients and controls, adjusted for multiple testing by Bonferroni correction. Significantly expanded clusters were considered to have adjusted P < 0.05 and fold change > 2. Comparison of mass cytometry marker expression on Tph cells and Tfh cells and comparison of expression on Tph cells from controls and SLE patients was performed using Student's t tests with Bonferroni correction for multiple testing considering adjusted P < 0.05 as significant. All other analyses were performed using nonparametric tests, with Mann-Whitney U test used for comparison between 2 groups, and Kruskal-Wallis with Dunn's multiple comparisons test was used for comparisons between 3 or more groups, except as indicated.
Study approval. Human subjects research was performed according to the IRBs at sites participating in the AMP RA/SLE Network via approved protocols with appropriate informed consent (23, 24, 25) . Patients recruited at Brigham and Women's Hospital were enrolled with written informed consent under protocols 2014P002558 and 2016P001660 approved by the Partners HealthCare IRB.
